IL-6 is implicated in the pathogenesis
Introduction
The cytokine IL-6 is implicated in the pathogenesis of various pathologic states including infection, autoimmunity, neurodegeneration, and trauma (Spooren et al., 2011) . Insights to the neurological impact of IL-6 have come from a transgenic model (named GFAP-IL6 ) with astrocyte production of IL-6 . GFAP-IL6 mice exhibit a localized neuroinflammatory and neurodegenerative disorder associated with various deficits Campbell et al., 2010) . The GFAP-IL6 model not only underscores the potential for IL-6 to cause disease in the CNS but also provides a novel tool to explore the basic mechanisms that underpin the actions of IL-6 in the brain.
Cellular communication by IL-6 is mediated by two distinct modes termed classic and trans-signaling, respectively (Scheller et al., 2011) . Classic signaling involves IL-6 binding to a specific transmembrane receptor termed IL-6R␣. A naturally occurring soluble form of the IL-6R␣ (sIL-6R), is generated by the cleavage of the ectodomain of the transmembrane IL-6R␣ or by alternative splicing of the IL-6R␣ mRNA (Lust et al., 1992; Müllberg et al., 1993 Müllberg et al., , 1999 Rose-John and Heinrich, 1994) and is found in body fluids including CSF (März et al., 1997b; Michalopoulou et al., 2004) . The sIL-6R binds IL-6 and this complex confers IL-6 responsiveness by cells that lack the IL-6R␣ (Mackiewicz et al., 1992; Narazaki et al., 1993) . The binding of IL-6 either to the membrane-bound or the sIL-6R triggers the oligomerization of the ubiquitous transmembrane protein gp130 resulting in activation of the JAK/STAT signal transduction pathway (Heinrich et al., 2003) .
The activity of IL-6/sIL-6R is counteracted by a naturally occurring soluble form of gp130 (sgp130; Jostock et al., 2001 ). This antagonist prevents trans-signaling by binding the IL-6/ sIL-6R complex and this property is used as a means for distinguishing trans-signaling from classic signaling. In transgenic mice that overproduce sgp130 in the periphery, transsignaling but not classic IL-6 signaling is markedly ablated .
Although, gp130 is expressed by nearly all cells, including those of the CNS, the surface expression of the IL-6R is more restricted . It has been shown that neurons and astrocytes respond well to IL-6/sIL-6R but not to IL-6 alone suggesting that trans-signaling is crucial for mediating the effects of IL-6 on these cells (März et al., 1997a (März et al., , 1999 Van Wagoner et al., 1999) . In contrast, microglia respond well to IL-6 alone via classic signaling (Lin and Levison, 2009 ). Recently, it was shown that intracerebroventricular injection of sgp130 accelerated the recovery of mice from LPS-induced endotoxemia and reduced the hyperactive response of microglia to LPS in aged mice highlighting a role for IL-6 trans-signaling in these processes (Burton et al., 2011 (Burton et al., , 2013 . However, much remains unknown about the role of trans-signaling in mediating the pathogenic actions of IL-6 in the CNS. Therefore, in the current study we addressed this issue by using a newly developed GFAPsgp130 mouse model that was intercrossed with GFAP-IL6 mice to generate bigenic mice that coproduced IL-6 and the transsignaling inhibitor, sgp130, in the brain.
Materials and Methods
Animals. GFAP-IL6 transgenic mice were generated and characterized as described previously . To generate GFAP-sgp130 transgenic mice, the codon-optimized cDNA coding for human sgp130Fc was placed under the control of the minimal 2.2 kb GFAP promoter in the plasmid pCR-Script. The sgp130Fc is a dimeric fusion protein of the extracellular portion of gp130 and the Fc portion of IgG1 and blocks trans-signaling of human and murine IL-6/ sIL-6R complexes 10 -100 times more efficiently than sgp130 (Jostock et al., 2001 ). The second intron and the polyA-sequence of the rabbit ␤-globin gene were placed 5Ј and 3Ј of the sgp130Fc coding sequence, respectively. The BglII-NotI fragment of the pCR-Script-GFAPsgp130Fc plasmid containing the entire expression cassette for sgp130Fc (Fig. 1A) was gel purified and microinjected into the pronuclei of fertilized eggs of B6D2/F1 mice. The hybrid strain B6D2/F1 was created by a cross of a C57BL/6J (B6) female and a DBA/2 (D2) male mouse. A transgenic mouse line was established from the founder animal that exhibited the highest expression of sgp130Fc in the brain and backcrossed eight times to C57BL/6 background. Production of the GFAP-sgp130 transgenic mice was performed in accordance with the guidelines for Animal Care . GFAP-IL6/sgp130 bigenic mice heterozygous for each transgene, GFAP-IL6 and GFAP-sgp130 single transgenic, and WT mice were derived by interbreeding of the GFAP-IL6 and GFAP-sgp130 parental lines. The genotype of all mice was verified by PCR analysis of tail DNA. All mice used in this study were fed ad libitum and were maintained under specific pathogen-free conditions. Approval for the use of the mice in this study was obtained from the University of Sydney Animal Care and Ethics Committee.
BrdU administration. For experiments to analyze cellular proliferation in the CNS, mice were injected with bromodeoxyuridine (BrdU; 100 mg/Kg, i.p.; Sigma-Aldrich). To this end, 1.5-and 3-month-old mice from all genotypes (n ϭ 3-4) were given six injections (every 2 h over a 12 h period) of BrdU in 0.9% saline solution at pH 7.0 and were killed 6 d later.
Astrocyte culture. Primary astrocytes were isolated from 2-d-old mice as described by (Röhl and Sievers, 2005) . For experiments, astrocytes were seeded in 6-well plates in DMEM medium complemented with or without 10% heat-inactivated FCS at a cell density of 30,000 cells/cm 2 in 75 cm 2 flasks and cultured for 1 week before use. Total protein lysates, immunoprecipitation, and immunoblot. The sgp130-Fc protein in astrocytes, the conditioned supernatant of astrocyte cultures or in brain lysates from GFAP-sg130 transgenic mice was analyzed by immunoblotting. Primary astrocytes were harvested in ice-cold PBS, centrifuged at 16,000 ϫ g for 30 s and lysed in SDS loading buffer and subjected to SDS-PAGE and Western blotting. Supernatant (500 l) from astrocyte culture was incubated with 50 l protein A Sepharose Immunoblot detection of secreted sgp130-Fc from primary astrocytes of GFAP-sgp130 transgenic mice or WT controls. Cell culture supernatants (SNs) were used directly or after coprecipitation of sgp130-Fc with protein A Sepharose. C, Immunoblot analysis after coprecipitation of hyper-IL-6 with brain-derived sgp130-Fc from GFAP-sgp130 transgenic mice. Brain homogenates from the three independent transgenic mouse lines 15, 18, and 19 or from WT mice were incubated with hyper-IL-6 and coprecipitated with protein A Sepharose. Coprecipitated hyper-IL-6 was detected with an IL-6R monoclonal (clone 14-18), whereas sgp130-Fc was detected with the gp130 antibody B-P4. Recombinant sgp130-Fc (10 ng) was included as positive control.
(50% slurry in PBS, GE Healthcare) overnight under continuous rolling at 4°C. The next day the mixture was centrifuged (5 min, 16,000 ϫ g, 4°C) and the protein A Sepharose pellet was washed three times in 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.2% NP-40, 2 mM EDTA and twice with 10 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.2% NP-40, 2 mM EDTA. After the last centrifugation step, the protein A Sepharose pellet was heated at 95°C in 50 l of 4 ϫ SDS gel loading buffer for 5 min. After SDS-PAGE and transfer to membranes, precipitated sgp130-Fc was detected using a monoclonal antibody against human gp130 (B-P4, Diaclone). For standard,10 ng of recombinant sgp130-Fc (Jostock et al., 2001 ) was used. For detection of sgp130-Fc and coimmunoprecipitation of Hyper-IL-6 with sgp130-Fc from transgenic mouse brain homogenates, 40 l of brain homogenate was incubated with 100 l protein A Sepharose (50% slurry in PBS, GE Healthcare) at 4°C. After centrifugation (5 min, 16,000 ϫ g, 4°C) the pellet was washed three times with 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.2% NP-40, 2 mM EDTA and twice with 10 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.2% NP-40, 2 mM EDTA. After SDS-PAGE and transfer to membranes, the sgp130-Fc was detected using monoclonal antibody against human gp130 (B-P4, Diaclone). Coprecipitated hyper-IL-6 was detected with a monoclonal antibody against the human IL-6 receptor (clone 14-18; Chalaris et al., 2007) .
For all remaining immunoblot experiments, brain was removed and immediately homogenized in lysis buffer (50 mM Tris-HCl, pH 7.5, 1.5% NP-40, 1 mM EDTA, 10% v/v glycerol, 1 mM DTT) freshly supplemented with protease and phosphatase inhibitor cocktails (Calbiochem) and manually homogenized using a Wheaton homogenizer. The protein concentration of the samples was quantified using Bradford Assay Reagent (Bio-Rad). Protein lysates (50 g) were resolved by SDS-PAGE transferred to a PVDF membrane (Hybond-P, GE Healthcare) and immunoblot analysis performed as described previously (Wang et al., 2002) . Membranes were then probed with monoclonal antibody reactive with human gp130 (clone 29104; R&D Systems), phospho-STAT3 (Tyr 705), and STAT3 (Cell Signaling Technology) and GAPDH (Millipore).
RNA isolation. Brain was removed and immediately snap-frozen in liquid nitrogen. Total RNA was extracted from the tissue samples using Tri-Reagent (Sigma-Aldrich) performed according to the manufacturer's instructions. The RNA concentration of the samples was determined by UV spectroscopy at 260 nm.
Ribonuclease protection assays. The construction and characterization of the multiprobe sets for IL-6-responsive genes SOCS3 (Maier et al., 2002), Serpina3n, and IL-6 (Chiang et al., 1994) were described previously. For all probe sets, a fragment of the L32 gene was included and served as an internal loading control. The ribonuclease protection assays (RPAs) were performed and analyzed as described previously (Stalder et al., 1999) .
Immunohistochemistry and histochemistry. For the in vivo cell proliferation experiments after BrdU-injection (see above), mice were anesthetized with xylazine/ketamine and subject to transcardial perfusion with cold 4% paraformaldehyde in PBS for 10 min. Brain, spleen, liver, and a fragment of gut were resected and postfixed in the same fixative for 4 h, and then rinsed with phosphate buffer 0.1 M and placed in 30% sucrose solution for 48 h. Following sucrose equilibration tissues were frozen with 2-methylbutane on dry ice and stored at Ϫ80°C pending the preparation of frozen sections (30 m) using a cryomicrotome (Leica). Sections were then placed in Olmos anti-freezing solution (20% sucrose, 1% polyvinylpyrroline, 30% ethylene glycol in 0.2 M phosphate buffer) and stored at Ϫ20°C.
For immunohistochemistry (IHC) and histochemistry (HC), free-floating cryosections were washed, endogenous peroxidase inhibited by 10 min incubation in 70% methanol plus 2% hydrogen peroxide, washed, and preincubated with blocking buffer (BB; 10% fetal bovine serum and 0.3% bovine serum albumin in Tris-buffered saline with 0.1% Triton (TBST) for 1 h at room temperature (RT) followed by incubation with rabbit anti-GFAP antibody (Abcam Inc) at 1:2000 dilution in BB overnight at 4°C followed by 1 h at RT. After washing, samples were incubated with a biotinylated anti-rabbit IgG secondary antibody (Vector Laboratories) at 1:500 dilution in BB for 1 h at RT, washed again and incubated with streptavidinperoxidase (Vector Laboratories) at 1:500 in BB for 1 h at RT. For visualization of GFAP IHC, sections were incubated with DAB solution for 3 min according to the manufacturer's directions (Vector Laboratories). Following washing, the sections were dehydrated and mounted onto slides with Eukitt mounting media (Sigma-Aldrich). For BrdU/ doublecortin (DCX) double staining, a similar IHC protocol was used, with incubation with doublecortin antibody (Abcam), at 1:8000 in BB and DAB incubation, but followed by BrdU IHC. The latter included an initial DNA denaturation step, with the sections being treated with 1N HCl for 10 min on ice followed by 30 min in 2 N HCl at 37°C, and finally with 0.1 M borate buffer, pH 8.5, for 12 min at RT to neutralize the HCl. After washing, sections were incubated with rat anti-BrdU antibody (AbD Serotec) at 1:800 in BB overnight at 4°C followed by 1 h at RT and, after washing, incubated with a biotinylated anti-rat IgG secondary antibody (Vector Laboratories) at 1:500 in BB for 1 h at RT. After incubation with streptavidin-peroxidase, the sections were developed using nickel-DAB following the manufacturer's directions (Vector Laboratories), and mounted onto slides, as above. For lectin HC a similar protocol was followed but without BB; samples were incubated with biotinlabeled tomato lectin (1:150 in TBST) overnight at 4°C followed by 1 h at RT, and visualized as above. After mounting onto slides, these lectin samples were counterstained with Nissl staining.
In the other experiments where indicated below, hemibrains were removed and fixed in ice-cold 4% paraformaldehyde in PBS, pH 7.4, overnight at 4°C, and embedded in paraffin. Paraffin-embedded sag- Quantification of the band densities in A for IL-6 relative to the housekeeping control L32 was performed by densitometry using NIH ImageJ software. Values represent the mean Ϯ SEM for two experiments with n ϭ 6 independent samples; *p Յ 0.05. C, Tissue lysates (20 g protein per lane) from brain of 1.5-month-old mice were subjected to SDS-PAGE followed by immunoblotting. D, Quantification of the band densities in C for sgp130 relative to GAPDH was performed by densitometry using NIH ImageJ software. Values represent the mean Ϯ SEM for two experiments with n ϭ 4 or 6 independent samples; *p Յ 0.05.
ittal sections (5 m) were deparaffinized and progressively rehydrated. For laminin IHC, the slides were initially blocked by incubation in 5% goat serum in TBST followed by incubation overnight at 4°C with rabbit antilaminin antibody (Sigma-Aldrich). After washing, samples were incubated with a biotinylated anti-rabbit IgG secondary antibody (Vector Laboratories) for 2 h at room temperature then washed thoroughly before further incubation for 30 min with ABC reagent from a Vectastain Elite ABC kit (Vector Laboratories). Sections were developed using DAB plus nickel (Vector Laboratories) as substrate. For phospho-STAT3 cellular localization, antigen retrieval was performed. Slides were brought to boil in 1 mM EDTA, pH 8.0, and immediately allowed to incubate for 15 min at 95°C and washed in PBS. For staining, the slides were initially blocked by incubation in 5% goat serum in TBST followed by incubation overnight at 4°C with rabbit phospho-STAT3 (Tyr705) monoclonal antibody (Cell Signaling Technology) at a 1:100 dilution. Some sections were incubated with the primary antibody previously blocked with the corresponding blocking peptide according to the manufacturer's instructions and were used as a specificity control for the phospho-STAT3 (Tyr705) antibody. After incubation, sections were washed with TBST and incubated with biotinylated secondary antibody in blocking solution for 30 min. After washing, slides were further incubated for 30 min with ABC reagent. Secondary antibody and ABC reagent were from a Vectastain Elite ABC kit (Vector Laboratories). Sections were developed using DAB plus nickel (Vector Laboratories) as substrate. Before second antigen staining, an avidin-biotin blocking step was performed. Second antigen staining was performed to detect the cellular localization of phospho-STAT3. Biotinylated lectin from Lycopersicon esculentum (Sigma-Aldrich) was used to stain microglia and vascular endothelium, whereas mouse anti-GFAP (Sigma-Aldrich) monoclonal antibodies were used for astrocyte staining. Biotinylated lectin was visualized using a Vectastain Elite ABC kit (Vector Laboratories) used according to the manufacturer's directions. The mouse monoclonal antibodies were visualized using a MOM immunodetection kit (Vector Laboratories). Nova Red (Vector Laboratories) was used as substrate for second antigen detection.
Histological evaluation. The brain was removed from 1.5-and 3-month-old mice (N ϭ 3-4 animals per genotype) and stained sections were examined with a bright field microscope (Nikon Eclipse 90i) and images were acquired using a Nikon Digital camera DXM 1200F and Nikon Act-1 v2.70 software. GFAP and Nissl staining were quantified with analysis software ImageJ (NIH). The number of lectinϩ (with activated morphology), doublecourtinϩ, and BrdUϩ cells, as well as that of blood vessels, was counted in specific CNS areas in a blinded manner. In all cases, at least three tissue sections per animal were used. For staining quantification, several images (3-5) per section were taken depending on the brain area. Because a double staining for lectin and Nissl was performed, a color deconvolution plugin for ImageJ (www.dentistry.bham.ac.uk/ landinig/software/cdeconv/cdeconv.html) was used with all images to separate lectin (DAB) staining from that of Nissl (Ruifrok and Johnston, 2001).
Statistical analysis. Statistical calculations were performed using SPSS statistical software (v17.0 for Windows). Data were analyzed with a Generalized Linear Model (GzLM) with genotype and age as main factors, with sequential Bonferroni adjustment for multiple comparisons in post hoc analysis. p Ͻ0.05 was considered significant in all analyses. All values are shown as mean Ϯ SE.
Results

Production of functional transgene-encoded sgp130-Fc in the brain
The sgp130 protein specifically inhibits IL-6 trans-signaling but not IL-6 classic signaling (Jostock et al., 2001) . To generate transgenic mice in which sgp130 was produced in the brain an astrocyte-specific GFAP promoter was used to drive transcription of a minigene designed to encode human sgp130-Fc (Fig.  1A) . Following microinjection into the germline of mice a Figure 3 . The presence of sgp130 reduces steady-state pY-STAT3 in the cerebellum and in specific cells of the cerebellum of GFAP-IL6 mice. A, Tissue lysates (20 g protein per lane) from cerebellum of 1.5-month-old mice were subjected to SDS-PAGE followed by immunoblotting. B, Quantification of the band densities in A for pY-STAT3 or STAT3 relative to GAPDH was performed by densitometry using NIH ImageJ software. Values represent the mean Ϯ SEM with n ϭ 3 brains per genotype; *p Յ 0.05. C-R, Paraformaldehyde fixed, paraffin-embedded brain sections (5 m) prepared from 3-month-old mice were processed for immunohistochemistry for pY-STAT3 (purple) and combined with immunohistochemistry for GFAP (red) or histochemistry using tomato lectin binding (red). Scale bar, 25 m.
number of transgenic founder offspring were identified and subsequently bred and analyzed for transgene expression. Three lines with the highest expression were further examined for production of the sgp130-Fc in the brain. Immunoblot analysis of brain lysates with an antibody reactive with human sgp130 revealed the presence of sgp130 in the brain of the GFAP-sgp130 mice but not WT littermates (Fig. 1B) . We next assessed whether the transgene-encoded sgp130 was secreted from astrocytes. Primary cultures of astrocytes were prepared from the GFAP-sgp130 mice or WT controls and the supernatants and cell lysates analyzed for the presence of sgp130-Fc by immunoblotting. The results showed that sgp130-Fc was detectable in astrocyte-conditioned culture supernatants from GFAP-sgp130 but not WT astrocytes (Fig. 1C) . In addition, sgp130 could be immunoprecipitated from culture supernatants of the GFAP-sgp130 astrocytes with protein A Sepharose that binds to the Fc domain. Next we determined whether the transgene-encoded sgp130-Fc could bind the fusion protein of IL-6 and sIL-6R (hyper-IL-6) when added to brain homogenates. As shown in Figure 1C , in brain lysates from GFAPsgp130 but not WT littermates, sIL-6R could be detected by immunoblotting after initial immunoprecipitation with protein A Sepharose. In all, these findings demonstrated that GFAP-sgp130 transgenic mice were generated with production in the brain of functional sgp130 that was capable of binding the IL-6/sIL-6R complex.
Similar transgene-encoded IL-6 mRNA levels in the brain of GFAP-IL6 and GFAP-IL6/sgp130 mice The focus of these studies was to generate GFAP-IL6 mice with concomitant astrocyte-targeted production of human sgp130Fc in the brain as a means to blocking IL-6 trans-signaling. We therefore next examined the levels of transgene-encoded IL-6 mRNA and sgp130 protein in the brain (Fig. 2) . In WT and GFAP-sgp130 mice, IL-6 mRNA was not detectable in either the cerebrum or cerebellum (Fig. 2 A, B) . As expected IL-6 mRNA was detected in the cerebrum and cerebellum from GFAP-IL6 and GFAP-IL6/sgp130 mice, with significantly higher (6-fold) levels of IL-6 mRNA in the cerebellum compared with the cerebrum (Fig.  2 A, B) . However, there was no significant difference in the IL-6 mRNA levels in either the cerebrum or cerebellum between GFAP-IL6 and GFAP-IL6/sgp130 mice. To investigate the level of transgene-encoded sgp130 production in the brain, Western blot analysis was performed on tissue lysates (Fig. 2C) . In neither the cerebrum nor cerebellum from WT or GFAP-IL6 mice was sgp130 protein detectable, although there was an increase in background reactivity in the cerebellum from the GFAP-IL6 mice likely due to the high amounts of Ig present as a result of blood-brain barrier (BBB) breakdown (see Fig. 6C ). In contrast to WT and GFAP-IL6 mice, in GFAP-sgp130 and GFAP-IL6/sgp130 mice, Husgp130 protein was detectable in the cerebrum and cerebellum with higher (4-fold) levels present in the cerebellum of GFAP-IL6/ sgp130 mice (Fig. 2D ). In conclusion, these results indicated that the level of transgene-encoded IL-6 production in the brain was comparable between GFAP-IL6 and GFAP-IL6/sgp130 mice. In addition, we confirm the production of Husgp130 protein in the brain from GFAP-sgp130 and GFAP-IL6/sgp130 mice. pY-STAT3 is reduced in selective cells in the cerebellum of GFAP-IL6/sgp130 mice IL-6 signaling is mediated principally through the activation of STAT3 via tyrosine phosphorylation. Initially, the steady-state level of pY-STAT3 was investigated in lysates of cerebellum from the different genotypes. Compared with WT and GFAP-sgp130 controls, in GFAP-IL6 mice a significant increase (95-fold) in the level of pY-STAT3 was observed in the cerebellum (Fig. 3 A, B) . However, although pY-STAT3 was also increased in the cerebellum of GFAP-IL6/sgp130 mice, this was significantly lower (2.5-fold) than in GFAP-IL6 mice. Therefore, this finding suggested that IL-6-mediated signal transduction is reduced in the GFAP-IL6/sgp130 bigenic mice.
To further analyze the cellular basis for the steady-state levels of pY-STAT3 in the brain of GFAP-IL6 and GFAP-IL6/sgp130 mice, we performed dual-label IHC/HC for pY-STAT3 and GFAP (astrocyte marker) or pY-STAT3 and tomato lectin (microglial cell marker). In sections from both WT and GFAP-sgp30 mice there was little or no staining for pY-STAT3 evident throughout the brain in either GFAP (Fig. 3C,D, arrows, G,H ) and lectin-bound positive cells (Fig. 3 K, L, arrows) in the cerebellum. By contrast, significant numbers of cells showed strong nuclear staining for pY-STAT3 in sections from GFAP-IL6 mice. Consistent with our previous finding (Sanz et al., 2008) , the majority of these pY-STAT3 cells were GFAP-positive astrocytes (Fig. 3E, arrows) , Bergmann glia (Fig. 3I, arrows) , lectin-bound Fig. 3 M, O, arrows) , and vascular endothelial cells (Fig. 3O, arrowheads) . However, in sections from GFAP-IL6/ sgp130 mice there was a marked decrease in the number and intensity of pY-STAT3 stained cells compared with GFAP-IL6 mice (Fig. 3 F, N ) . This decrease could be accounted for in part, by a considerable reduction in pY-STAT3 nuclear staining in astrocytes (Fig. 3F, arrows) and Bergmann glia (Fig. 3J, arrows) . In addition, in the cerebellar white matter tracts, nuclei with the morphological characteristics of oligodendrocytes were strongly positive for pY-STAT3 in sections from GFAP-IL6 mice (Fig. 3Q , arrows) but showed only weak staining in GFAP-IL6/sgp130 mice (Fig. 3R, arrows) . Similar to GFAP-IL6 mice, in GFAP-IL6/sgp130 mice, lectin-bound microglia (Fig. 3 N, P, arrows) and vascular endothelial cells (Fig. 3O, arrowheads) , were also positive for pY-STAT3. However, the intensity of staining for pY-STAT3 in these cells was more variable compared with GFAP-IL6 mice. In summary, these findings revealed there was a marked decrease in STAT3 activation in selected cell populations within the brain of the GFAP-IL6/sgp130 mice.
microglia (
Disproportionate alterations in the expression of selected IL-6-responsive genes in the cerebellum of GFAP-IL6/sgp130 mice The expression of the IL-6-responsive genes Socs3 (I. Campbell, unpublished observation) and Serpina3n known to be increased markedly in the cerebellum of the GFAP-IL6 mice was examined next. The levels of SOCS3 and Serpina3n mRNAs were both increased (5-fold and 55-fold, respectively) significantly in the cerebellum from GFAP-IL6 mice compared with the genotype controls (Fig. 4 A, B) . In GFAP-IL6/sgp130 mice, SOCS3 mRNA was increased to a similar level as found in GFAP-IL6 littermates. However, in contrast to SOCS3, in GFAP-IL6/sgp130 mice the Serpina3n mRNA was increased only modestly and to significantly lower (6-fold) levels than was observed in GFAP-IL6 mice (Fig. 4 A, B) . Therefore, these findings indicated that there were disproportionate alterations in the expression of some key IL-6-responsive genes in the cerebellum of the GFAP-IL6/sgp130 mice.
The severity of gliosis is diminished in GFAP-IL6/sgp130 mice
The development of reactive astrocytosis and microgliosis is particularly pronounced in the cerebellum of the GFAP-IL6 mice . We therefore examined the degree of gliosis in the cerebellum of the GFAP-IL6 versus GFAP-IL6/ sgp130 mice by GFAP (astrocyte marker) IHC and lectin HC (microglial marker). As expected, a prominent astrocytosis and microgliosis was observed in the cerebellum of GFAP-IL6 mice (Fig. 5A) . Thus, hypertrophied astrocytes with high GFAP staining were readily detected throughout the cerebellum with Bergmann glia also heavily immunostained compared with WT mice. GFAP staining was not altered in GFAP-sgp30 mice compared with WT mice (data not shown), whereas astrogliosis was clearly decreased in GFAP-IL6/sgp130 mice compared with GFAP-IL6 mice. Quantification of GFAP immunostaining performed in 1.5-and 3-month-old mice demonstrated that transgenic expression of sgp130 significantly decreased (7.5-fold and 2-fold, respectively) the astrocytosis of GFAP-IL6 mice at both ages (Fig.  5B) . Microglial cells were also activated and appeared to be more numerous in GFAP-IL6 mice, as revealed by both increased lectin staining and morphological changes of these cells, which showed a less ramified structure, retracted processes and with round morphology in many cases compared with WT mice (Fig. 5A) . However, microgliosis was clearly reduced in GFAP-IL6/sgp130 mice compared with GFAP-IL6 mice, whereas no effect of sgp130 alone (data not shown) was observable compared with WT mice (Fig. 5) . The number of lectin-positive microglial cells with an activated morphology was counted in 1.5-and 3-month-old mice (Fig. 5B) . Consistent with the results above the number of these cells was significantly increased in GFAP-IL6 mice compared with WT mice. However, the number of activated microglial cells was significantly reduced in GFAP-IL6/sgp130 mice compared with GFAP-IL6 mice (Fig. 5B) . Whereas no significant difference in the number of activated microglial cells was found for WT versus GF-sgp130 mice. In contrast to cerebellum, minor changes in lectin staining were observed in cortex and hippocampus (data not shown). In all, these findings indicated that IL-6 transsignaling has a major role in the development of astrogliosis and microgliosis in the GFAP-IL6 mouse.
Reduced vascular alterations and BBB leakage in GFAP-IL6/sgp130 mice
Vasculopathy with BBB leakage and angiogenesis principally affecting the cerebellum, have been described previously in the GFAP-IL6 mice Brett et al., 1995) . Here we examined the overall morphology of the blood vessels in the brain using laminin IHC. Compared with WT and sgp130 control littermates, in cerebellum from GFAP-IL6 mice there was increased laminin deposition and associated marked dilation of the blood vessels (Fig. 6A) . These vascular changes observed in the GFAP-IL6 cerebellum were reduced noticeably in cerebellum from the GFAP-IL6/sgp130 animals. The number of blood vessels was also quantified in lectin-stained cerebellar sections in 1.5-and 3 month-old mice and showed there was a significant increase (1.5-fold and 1.8-fold, respectively) in the cerebellum of GFAP-IL6 but not GFAP-IL6/ sgp130 mice (Fig. 6B, left) . Consistent with the change in the number of blood vessels, angiogenesis as evaluated with endothelial cell BrdU labeling was increased (22.5-and 3-fold at 1.5-and 3-monthold, respectively) significantly in cerebellum of GFAP-IL6 mice but not in GFAP-IL6/sgp130 mice compared with the control genotypes (Fig. 6B, right) . These findings indicated that there is a marked decrease in overall vascular disturbance and in angiogenesis in the cerebellum of the GFAP-IL6/sgp130 mice compared with GFAP-IL6 mice.
To assess the degree of BBB leakage, we performed Western blot analysis for murine IgG on lysates of cerebellum prepared from mice that had been extensively perfused with PBS. The results in Figure 5C showed that there was a significant increase in IgG present in lysates prepared from cerebellum of the GFAP-IL6 mice compared with WT and GFAP-sgp130 mice. Although significantly higher (6-fold) than in WT and GFAP-sgp130 mice, the level of IgG present in lysates of cerebellum from the GFAP-IL6/sgp130 mice was significantly lower (2-fold) than in the corresponding GFAP-IL6 mice. In summary, these findings indicated there is a significant reduction in BBB leakage in the cerebellum of the GFAP-IL6/sgp130 mice.
Hippocampal neurogenesis is rescued in GFAP-IL6/sgp130 mice
It is known that hippocampal neurogenesis is markedly impaired in GFAP-IL6 mice (Vallières et al., 2002) . To assess whether this impaired neurogenesis was influenced by IL-6 trans-signaling, DCX-positive neurons were examined by IHC in the dentate gyrus of the hippocampus (Fig. 7) . In accordance with the previous report (Vallières et al., 2002) , compared with WT controls, the number of DCX-positive cells was significantly lower (2-fold) in GFAP-IL6 mice at 1.5-and 3-month-old (Fig. 7 A, B) . However, a significant age-dependent rescuing effect was observed in GFAP-IL6/sgp130 mice in which the number of DCX-positive cells were similar to WT at 1.5 months of age but had diminished significantly by 3 months of age (Fig. 7 A, B) . These findings were further verified by the examination of BrdU labeled DCX- Figure 6 . Abnormalities in vascular structure, proliferation and function were reduced significantly in the cerebellum of GFAP-IL6 mice by the inhibition of IL-6 trans-signaling. A, Laminin immunohistochemistry was performed on paraformaldehyde fixed, paraffin-embedded sections (5 m) of brain prepared from 3-month-old mice. Scale bar, 50 m. B, Vasculogenesis was assessed in free-floating brain sections (30 m) and quantified by direct counting of lectin-stained blood vessels (left) or BrdU-positive endothelial cells (right). This analysis was performed on at least three blinded sections per brain and on a minimum of three brains per genotype. Values represent the mean Ϯ SEM; *p Յ 0.05. C, The degree of BBB leakage was determined by quantifying the levels of IgG present in the cerebellum of 3-month-old mice. Tissue lysates (20 g protein per lane) were prepared and subject to SDS-PAGE followed by immunoblotting for murine IgG. Quantification of the band densities in C for IgG relative to GAPDH was performed by densitometry using NIH ImageJ software. Values represent the mean Ϯ SEM with n ϭ 3 or 4 brains per genotype; *p Յ 0.05.
positive cells. The number of DCX/BrdU double-positive neurons was significantly lower (8-fold and 6-fold, respectively) in hippocampus of GFAP-IL6 mice at 1.5-and 3-month-old compared with WT controls (Fig. 7B) . In the hippocampus of 1.5-month-old GFAP-IL6/sgp130 animals the number of DCX/BrdU doublepositive neurons was similar to WT and significantly higher than in GFAP-IL6 mice; however, the rescuing effect observed in the GFAP-IL6/sgp130 animals was absent at 3 months of age (Fig. 7B) . Therefore, particularly at the younger age, IL-6 trans-signaling appears to be a predominant mechanism for the impairment of neurogenesis mediated by IL-6.
Reduced neurodegeneration in
GFAP-IL6/sgp130 mice Progressive neurodegeneration develops in the cerebellum of the GFAP-IL6 mice Brett et al., 1995) . Therefore, we evaluated whether the blockade of IL-6 trans-signaling influences this process. Consistent with the previous reports, evidence of neurodegeneration, as reflected by a significant loss (1.5-fold) of Nissl staining, was already present at 1.5 months of age in GFAP-IL6 mice and decreased (2-fold) further by 3 months of age compared with WT litter mates (Fig. 8A) . Further examination of the Nissl stained sections revealed gross disruption of the architecture of the molecular and granule cell layers and a loss of cellularity in the cerebellum from 3-month-old GFAP-IL6 mice (Fig.  8B) . In contrast to the GFAP-IL6 mice, the cerebellum from 1.5-and 3-month-old GFAP-IL6/sgp130 mice exhibited similar Nissl staining intensity as the WT control animals (Fig. 8B) . Furthermore, both the architecture of the molecular and granule cell layers as well as the degree of cellularity appeared to be largely normal in cerebellum from 3-month-old GFAP-IL6/ sgp130 mice. In all these results indicated that IL-6 trans-signaling has a major influence on the development of neurodegenerative disease in the GFAP-IL6 mice.
Discussion
The use of sgp130 to block IL-6 transsignaling specifically has proven to be a valuable tool for evaluating this process in various biological settings where IL-6 is implicated . Here the development of a transgenic mouse model with the production of sgp130 targeted to the CNS afforded us the unique opportunity to assess the role of trans-signaling in mediating IL-6 actions in the CNS. The validity of this novel model was illustrated by the demonstration that cultured astrocytes from the brain of the GFAP-gp130 mice actively secreted transgeneencoded sgp130. Moreover, consistent with its role in blocking trans-signaling, we showed in lysates of brain from the GFAPsgp130 mice that sgp130 was able to bind sIL-6R/IL-6. Therefore, by intercrossing GFAP-IL6 and GFAP-sgp130 transgenic mice we were able to generate bigenic mice with coproduction of IL-6 and sgp130 in the brain. Despite similar levels of IL-6 gene expression in the CNS, in comparison with GFAP-IL6 mice, the GFAP-IL6/sgp130 mice had a marked reduction in gp130-coupled signal pathway activation which was paralleled by an attenuation of a number of hallmark neuropathologic alterations characteristic of the GFAP-IL6 mice, including astrogliosis and microgliosis, BBB leakage, vascular proliferation, and neurodegeneration as well as the rescue of impaired neurogenesis. Interestingly, the response of selective cells (e.g., Bergmann glia) or the expression of specific IL-6 target genes (e.g., Serpina3n) known to be regulated by IL-6 transsignaling were disproportionately affected in the brain of the GFAP-IL6/sgp130 mice. Thus, these findings suggest that many key neuropathogenic effects of IL-6 are mediated by trans-signaling. Similar to our previous finding (Sanz et al., 2008) , immunostaining for pY-STAT3 identified IL-6 responder cells in GFAP-IL6 mice to be predominantly astrocytes, microglia and cerebrovascular endothelial cells. However, in bigenic mice a significant reduction in pY-STAT3 corresponded to markedly lower pY-STAT3 staining in select cells of the cerebellum including astrocytes and Bergmann glia while microglia or cerebrovascular endothelial cells were much less affected. This is consistent with previous in vitro studies that showed the astrocyte response to IL-6 depends on trans-signaling (März et al., 1999; Van Wagoner et al., 1999) . The strong astrogliosis seen in the GFAP-IL6 mice Chiang et al., 1994) further highlights the importance of IL-6 in modulating astrocyte function. Other gp130 family members including LIF (Holmberg and Patterson, 2006; Nakanishi et al., 2007) and CNTF (Kahn et al., 1995; Levison et al., 1998) also modulate astroglial responsiveness suggesting common involvement of STAT3 signaling in this process. Moreover, mice with a conditional deletion of STAT3 in astrocytes have reduced astrocyte activation in response to spinal cord injury (Herrmann et al., 2008) . The central role of trans-signaling in mediating IL-6 activation of STAT3 in astrocytes highlighted here, likely translates into the reduction in astrogliosis when trans-signaling was blocked by sgp130. In further support of this notion, transgenic mice with systemic production of human IL6/sIL-6R but not IL-6 alone exhibited neurologic signs in association with the development of astrogliosis in the CNS (Brunello et al., 2000) .
Our studies further illustrate the proinflammatory nature of chronic IL-6 production in the CNS associated with robust microgliosis in the cerebellum of GFAP-IL6 mice. Previously it was shown that the development of neurodegenerative changes and progressive learning deficit in GFAP-IL6 mice correlated with the degree of microgliosis (Heyser et al., 1997 ). Here we found that the extent of microgliosis was markedly decreased in the cerebellum of the GFAP-IL6/sgp130 mice. Whether this attenuation of the microglial response to IL-6 in the presence of sgp130 reflected reduced trans-signaling or was due to other factors such as the decreased astrogliosis, vascular disease and neurodegeneration, is unclear. In contrast to astrocytes, rodent microglia have been shown to respond to IL-6 via classic signaling (Lin and Levison, 2009) . The attenuation of microgliosis occurred despite evidence for activation of STAT3 in these cells suggesting other factors may be involved in the reduced microglial response rather than reduced IL-6 trans-signaling. However, it was shown that while cultured microglia can respond to IL-6 alone with robust STAT3 activation, modulation of certain responses of these cells requires the presence of sIL-6R and is mediated by trans-signaling (Lin and Levison, 2009 ). This highlights an additional level of complexity in the microglial response to IL-6, which may mount differential responses to IL-6 communicating by classic versus trans-signaling.
The notion that the same cell may respond differentially to classic versus trans-signaling is intriguing and has important implications for our understanding of how IL-6 functions. Our findings suggest such a process might involve the differential responsiveness of specific genes to classic versus trans-signaling. Thus, the serpina3n mRNA was high in the cerebellum of GFAP-IL6 mice but was almost absent from cerebellum of GFAP-IL6 mice with trans-signaling blockade. Interestingly, such a differential response was not found for the expression of another IL-6-regulated gene, Socs3, which was significantly elevated in both GFAP-IL6 and GFAP-IL6/sgp130 brain. The basis for the lack of induction of the Serpina3n gene in the brain of the GFAP-IL6/ sgp130 mice is unknown. Possible explanations include restricted expression of this gene to cells that can only respond to transsignaling such as astrocytes or that this gene is regulated directly by IL-6 trans-signaling and not by classic signaling. In support of the latter possibility, it has been shown previously that Serpina3n mRNA is expressed widely in the cerebellum of GFAP-IL6 mice (Chiang et al., 1994) . Furthermore, we have shown that whereas the expression of the Socs3 gene is induced by both classic signaling and trans-signaling in murine cultured microglia, expression of the Serpina3n gene is stimulated by IL-6 trans-signaling only (R. Frausto and I. Campbell, unpublished observation). Surprisingly, the level of Socs3 gene expression was unaltered by transsignaling blockade in the GFAP-IL6 mice. Possible explanations for this observation include, (1) that the signal threshold required for activation of Socs3 gene expression may be very low, (2) the expression of this gene may be restricted to cells in the brain such as microglia that respond to IL-6 via classic signaling, and (3) that factors other than IL-6 may regulate the expression of the Socs3 gene in this pathological setting-the expression of the Socs3 gene is stimulated by a wide range of other cytokines and growth factors (Auernhammer et al., 1999; Cassatella et al., 1999) .
The cerebrovascular endothelium is highly responsive to IL-6 production in the CNS as evidenced by a variety of physical, molecular and functional changes observed in this tissue in the cerebellum of GFAP-IL6 mice Brett et al., 1995) . Despite the evidence here and from previous studies that human (Yao et al., 2006) and murine (Fee et al., 2000) cerebrovascular endothelial cells can respond to IL-6 via classic signaling we observed a significant reduction in vascular alterations in the cerebellum of GFAP-IL6/sgp130 mice. Despite the clear evidence that STAT3 activation was relatively unperturbed in these mice, we found that vascular proliferation was significantly reduced suggesting that the response of these cells to IL-6 was not overtly impacted by the blocking of trans-signaling. One outcome of chronic angiogenesis in the cerebellum of the GFAP-IL6 mice is the permanent loss of BBB integrity and consequent increased leakage of the blood vessels (Brett et al., 1995) . Consistent with our findings here, the significant reduction in vascular endothelial cell proliferation in the cerebellum of the GFAP-IL6/sgp130 mice was accompanied by a marked decrease in BBB leakage.
A spectrum of molecular and cellular changes in the GFAP-IL6 mice contribute to progressive neurodegeneration with significant loss of neuronal integrity and function Brett et al., 1995) . The neurodegenerative phenotype of the GFAP-IL6 mice is likely compounded further by a marked reduction in neurogenesis (Vallières et al., 2002) . The paucity of STAT3 activation in neurons in the CNS of the GFAP-IL6 mice indicates that these cells are relatively unresponsive to chronic IL-6 production and suggests that the neurodegeneration in these mice may be mediated by a neurotoxic environment generated by other factors such as the microgliosis and the leaky BBB. The significant reduction in the severity of cerebellar neurodegeneration observed in the GFAP-IL6/sgp130 mice may reflect the overall decrease in these pathologic changes including reduced gliosis and BBB leakage. In support of this, previous studies established there is a close correlation between the degree of microglial activation and progressive neurodegeneration and learning impairment in the GFAP-IL6 mice (Heyser et al., 1997) . Moreover, a central role for inflammation and microglial reactivity has been linked to diminished neurogenesis (Ekdahl et al., 2003; Monje et al., 2003) . Interestingly, although there was a complete rescue of neurogenesis in GFAP-IL6/sgp130 mice at 1.5 months of age this was not sustained at the older age examined. Therefore, neurogenesis appears to be particularly sensitive to perturbation by IL-6 and the inflammatory milieu of the GFAP-IL6 brain also reflected by the fact that markedly impaired neurogenesis is found in the hippocampus of these mice a region of the brain with much lower levels of transgene-encoded IL-6 production and pathologic alterations.
In concluding, these data provide a remarkable demonstration of the involvement of trans-signaling in mediating cellular communication by IL-6 in the CNS. The findings indicate that trans-signaling is crucial for IL-6 responsiveness by selected cellular and molecular targets in the brain including astrocytes and Bergmann glia. Despite this selectivity, blocking of transsignaling had broad ranging benefit, markedly reducing many of the detrimental effects of IL-6 in the brain. Based on these findings the targeting of IL-6 trans-signaling may represent a rationale therapeutic approach for the treatment of the numerous neuroinflammatory and neurodegenerative diseases in which this cytokine has been implicated.
